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PART FIVE 

THE REFERE-T MFTHOD OF S - EISMIC 

LOCATION FOR M I N E  RESCUE SYSTEMS 

\dm. C. Dean 
TELEDYNE GEOTECH 

Alexandr ia  L a b o r a t o r i e s  

I *  Srnfi¶ARY 

The l o c a t i o n  of t r apped  miners  from t h e i r  s e i s m i c  s i g n a l s  w i l l  b e  in -  

a c c u r a t e  i f  we assume t h e  P-wave p ropaga t ion  v e l o c i t y  i s  a  c o n s t a n t .  P- 

wave v e l o c i t i e s  a r e  a n y t h i n g b u t  c o n s t a n t  i n  r e g i o n s  about  mines, s o  some 

c a l i b r a t i o n  i s  n e c e s s a r y  t o  o b t a i n  more a c c u r a t e  s e i s m i c  l o c a t i o n s .  

The r e f e r e n c e  even t  method compares t h e  t ime a r r i v a l s  of s i g n a l s  g e n e r a t e d  

by t h e  miners  w i t h  t h o s e  p r e v i o u s l y  recorded  from a  r e f e r e n c e  o r  c a l i b r a -  

t i o n  even t  i n  t h e  v i c i n i t y  of t h e  miners .  Th i s  method l o c a t e s  t h e  miners '  

p o s i t i o n  r e l a t i v e  t o  t h e  c a l i b r a t i o n  s o u r c e .  Hence, t h e  l o c a t i o n  of t h e  

miners  is  a b s o l u t e  i f  t h e  r e f e r e n c e  e v e n t  p o s i t i o n  i s  known a b s o l u t e l y ,  

u s u a l l y  from s u r v e y s  and mine maps. 

Advantages r e s u l t i n g  from t h e  sys tem,bes ides  g r e a t e r  a c c u r a c y , a r e  

l o c a t i o n s  independent  of t h e  v e l o c i t y  model assumed, t h e  same s o l u t i o n  from 

t h e  f u l l  a r r a y  and from any s u b s e t  of f o u r  o r  more seismometers i n  t h e  a r r a y  

( t h r e e  i f  t h e  m i n e r s '  dep th  is  known), fewer se ismometers  r e q u i r e d ,  and no 

complex conlputers r e q u i r e d  f o r  a n a l y s i s .  

VELA Uniform e x p e r i e n c e  shows t h a t  t h e  accuracy of l o c a t i o n s  of t e l e -  

s e i s m i c  e x p l o s i o n s  and ea r thquakes  i s  improved by an o r d e r  of magnitude 

over  l o c a t i o n s  computed from average  t r a v e l  t ime curves .  

Each c a l i b r a t i o n  e v e n t  i s  a p p l i c a b l e  on ly  over  a  l i m i t e d  range.  We 

recommend a  f i e l d  t e s t  of t h e  method a t  a  mine t o  measure i t s  l o c a t i o n  

accuracy ,  t h e  range of e f f e c t i v e n e s s  f o r  each c a l i b r a t i o n  e v e n t ,  t h e  number 

of se ismometers  needed, and t h e  number of r e f e r e n c e  e v e n t s  r e q u i r e d  p e r  mine. 

From t h e s e  exper iments  we cou ld  d e c i d e  whether  t h e  r e f e r e n c e  even t  

method was v s e f u l  and,  i f  s o ,  what form a  p r a c t i c a l  r e s c u e  sys tem would 

t a k e .  

Arthur D Little. Inc 



11. INTRODUCTION 

To d a t e  t h e  s e i s m i c  l o c a t i o n  sys t em f o r  l o c a t i n g  mine r s  t r a p p e d  under-  

ground h a s  been a p p l i e d  assuming a  un i fo rm i s o t r o p i c  e a r t h .  The u s e  of  

t h i s  a s sumpt ion  l e a d s  t o  e r r o r s  of one t o  s e v e r a l  hundred f e e t  i n  t h e  s e i s -  
* mic l o c a t i o n s  (Westinghouse 1972) .  Under f a v o r a b l e  c o n d i t i o n s  we s h o u l d  

e x p e c t  t i m e  r e a d i n g  e r r o r s  on t h e  o r d e r  of  one t e n t h  of  a  c y c l e  of  t h e  

dominant s i g n a l  p e r i o d .  K i t h  t h e  80 Hz t o  100 Hz s i g n a l s ,  t h e  1 t o  2  m i l l i -  

s econd  t i m e  r e a d i n g  e r r o r s  cou ld  accoun t  f o r  m i s l o c a t i o n s  on t h e  o r d e r  of 

1 0  t o  20 f e e t ,  assuming no e r r o r s  i n  t h e  e a r t h  model. Thus t h e  e r r o r s  

e x p e r i e n c e d  by Westinghouse can  o n l y  b e  accoun ted  f o r  by t h e  i n a p p r o p r i a t e  

v e l o c i t y  model of t h e  g e o l o g i c  r e g i o n  around t h e  mine. 

I f  s e i s m i c  l o c a t i o n s  t o  w i t h i n  l e s s  t h a n  a  few hundred f e e t  a r e  t o  b e  

a t t a i n e d ,  t h e n  one of  two approaches  must b e  fo l lowed .  E i t h e r  t h e  g e o l o g i c  

s t r u c t u r e  d e f i n i n g  t h e  v e l o c i t y  abou t  t h e  mine must b e  de te rmined  by a  

r e f r a c t i o n  s u r v e y  o r  some o t h e r m e a n s ,  o r  r e f e r e n c e  e v e n t s  must b e  used  

t o  c a l i b r a t e  t h e  P-wave t r a v e l  t i m e s  t o  p r e - s e t  se ismometer  l o c a t i o n s .  

The purpose  of  t h i s  work i s  t o  deve lop  t h e  r e f e r e n c e  e v e n t  t h e o r y  and d i s -  

c u s s  i t s  a p p l i c a t i o n  f o r  t h e  mine res.cue s y s t e m s ;  r e f r a c t i o n  s u r v e y s  and 

more s o p h i s t i c a t e d  v e l o c i t y  models a r e  J i s c u s s e d  e l s e w h e r e  i n  t h i s  r e p o r t .  

111. THEORY 

The concep t  of t h e  r e l a t i v e  e v e n t  approach i s  f a i r l y  s i m p l e .  S i n c e  

a c c o u n t i n g  f o r  t h e  v a r i a t i o n s  i n  t h e  v e l o c i t y  of  p r o p a g a t i o n  i s  n e c e s s a r y  

f o r  a c c u r a t e  s e i s m i c  l o c a t i o n s ,  why n o t  measure t h e  s i g n a l  d e l a y s  from 

s o u r c e  t o  se i smomete r s  d i r e c t l y  w i t h  a  t e s t  e v e n t ?  Repeated  s o u r c e s  from 

t h e  same l o c a t i o n  w i l l  r e p r o d u c e  t h e  same p r o p a g a t i o n  d e l a y s .  F1oreover, 

s o u r c e s  o n l y  s l i g h t l y  d i s p l a c e d  from t h e  r e f e r e n c e  e v e n t  l o c a t i o n  w i l l  n e a r l y  

r e p r o d u c e  t h e  same p r o p a g a t i o n  d e l a y s .  To compute t l re  change i n  l o c a t i o n  of 

t h e  new (unknown) e v e n t  from t h a t  of  t h e  r e f e r e n c e  e v e n t ,  we can  u s e  any 

v e l o c i t y  model we wish  s i n c e  most of t h e  p a t h  (and hence ,  most of t h e  prop- 

a g a t i o n  d e l a y )  f rom s o u r c e  t o  se i smomete r  a l m o s t  d u p l i c a t e s  t h a t  from t h e  

r e f e r e n c e  e v e n t .  Thus by computing t h e  s m a l l  d i s p l a c e m e n t  a c c u r a t e l y  from 

t h e  known t e s t  e v e n t ,  we can  d e t e r m i n e  a c c u r a t e l y  t h e  l o c a t i o n  of  t h e  

unknown e v e n t  . 
* West inghouse  C o n t r a c t  H0210063 w i t h  Bureau o f  Mines. 
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I n  ea r thquake  seismology t h e  s t a n d a r d  l o c a t i o n  method (Geiger  1910) 

minimizes t h e  sum of t h e  s q u a r e s  of t h e  r e s i d u a l s  between measured P-wave 

a r r i v a l s ,  t and t h e  c a l c u l a t e d  a r r i v a l s ,  Fi, based upon some v e l o c i t y  
i' 

model 

The c a l c u l a t e d  t ime ,  Fi, f o r  a  P-wave t o  t r a v e l  from some p a r t i c u l a r  
t h  

even t  t o  t h e  i- seismometer is  a  f u n c t i o n  of t h e  even t  c o o r d i n a t e s ,  u ,  

- - t h  
( a c t u a U y u ,  = xo, u2 yo,  u  = z  and u  = t ) and t h e  i- seismometer 

3 0'  4 0 

c o o r d i n a t e s  x  i ,  yi, z a s  w e l l  a s  w e l l  a s  t h e  P-wave v e l o c i t y  between t h e  two. 
i' 

F. i s  a  non- l inear  f u n c t i o n  of t h e  s p a c e  and t i m e  c o o r d i n a t e s  of t h e  
1 

seismometers  and e v e n t s .  T h i s  is  t r u e  even i f  t h e  v e l o c i t y  i s  assumed t o  

b e  uniform. Hence, t h e  e q u a t i o n s  a r e  e a s i e r  t o  s o l v e  i n  a  l e a s t  s q u a r e s  

s e n s e  i f  we expand F  i n  a  T a y l o r ' s  s e r i e s  and n e g l e c t  t h e  h i g h e r  o r d e r  
i 

terms.  

The approximat ion is  good when t h e  new l o c a t i o n ,  u ,  i s  i n  t h e  v i c i n i t y  

of u* f o r  which F(u*) i s  presumably known. 

Now t h e  e q u a t i o n  (1 )  can b e  w r i t t e n  a s  

* References  t o  F i g u r e s ,  T a b l e s ,  and Equa t ions  app ly  t o  t h o s e  i n  t h i s  P a r t  
u n l e s s  o t h e r w i s e  n o t e d .  
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o r  i n  m a t r i x  form 

where B i s  t h e  c o n d i t i o n  m a t r i x  

6 is t h e  d i sp lacement  v e c t o r  between a new ( u ) ,  and our  o r i g i n a l  (u*) s o u r c e  

p o s i t i o n .  

6 = 
u - u *  
1 1  

U .-u * 
2  2 

u3-u3* 

u4-u4* 

and R i s  t h e  v e c t o r  of r e s i d u a l s  between t h e  c a l c u l a t e d  and measured t i m e  

a r r i v a l s ,  t -F * = e  . 
i i i 

The l e a s t  s q u a r e s  s o l u t i o n  of t h e s e  e q u a t i o n s  is  

For t h e  development of t h e  method and i ts  a s s o c i a t e d  e r r o r s  see F l i n n  (1965).  

To app ly  t h e  Geiger  method we merely  have t o  choose c o o r d i n a t e s  of an  

a r b i t r a r v  e v e n t  l o c a t i o n ,  uk = (xo*, Yo*, zo*, to*) ,  and perform t h e  m a t r i x  

m u l t i p l i c a t i o n  i t e r a t i v e l y  u n t i l  t h e  solved-for-displacement  v e c t o r ,  6 ,  goes 

t o  z e r o .  

I n  t h e  u s u a l  c a s e  t h e  l e a s t  s q u a r e s  s o l u t i o n  s t i l l  l e a v e s  u s  w i t h  

r e s i d u a l s  ( Ei R2 ) which a r e  t o o  l a r g e .  Moreover t h e  r e s u l t i n g  l o c a t i o n  i 
estimates from any of t l ie n-1 o r  n-2 s u b s e t s  of t h e  seismometer netirork can 

be  q u i t e  d i f f e r e n t  t h a n  t h e  l o c a t i o n  e s t i m a t e  of t h e  f u l l  n-seismometer 

network.  Consequent ly ,  weak s o u r c e s  and s t r o n g  s o u r c e s  w i t h  i d e n t i c a l  1.0- 

c a t i o n s  a l e a p t  t o  be  l o c a t e d  a p a r t  fro111 each o t h e r .  
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The s i t u a t i o n  i s  q u i t e  d i f f e r e n t  i f  t h e  f i r s t  l o c a t i o n  e s t i m a t e ,  (u* = 

x *, yo*, z0*, to*) i s  from a c a l i b r a t i o n  s o u r c e  i n  t h e  v i c i n i t y  of t h e  un- 
0 

known. I n  t h i s  c a s e  s e v e r a l  advan tages  r e s u l t :  

1. The l e a s t  s q u a r e  r e s i d u a l s  a r e  s m a l l .  

2. The accuracy  of  t h e  method i s  r e l a t i v e l y  independent  of t h e  v e l o c i t y  

model w e  assume i n  t h e  v i c i n i t y  of  t h e  s o u r c e .  

3. Any s u b s e t  of f o u r  o r  more se ismometers  i n  t h e  network g i v e  a loca -  

t i o n  a s  a c c u r a t e  a s  t h e  f u l l  ne twork.  A s  a  r e s u l t  weak e v e n t  l o c a t i o n s  a r e  

f r e q u e n t l y  a s  a c c u r a t e  a s  t h o s e  of s t r o n g  e v e n t s .  

4 .  Fewer se ismometers  a r e  needed i n  t h e  network t o  y i e l d  a c c u r a t e  

l o c a t i o n s .  

5. The waveforms a t  a p a r t i c u l a r  se ismometer  from t h e  c a l i b r a t i o n  even t  

and t h e  unknown even t  o f t e n  a r e  q u i t e  s i m i l a r  t o  each o t h e r .  Thus r e l a t i v e  

t i m i n g  between t h e  e v e n t s  i s  much e a s i e r  s i n c e  i t  i s  n o t  l i m i t e d  t o  f i r s t  

mot ions  b u t  can make u s e  of l a r g e  dominant f e a t u r e s  l a t e r  i n  t h e  P-wave 

t r a i n .  

6. U t i l i z i n g  t h e  r e f e r e n c e  e v e n t  method a computer can i d e n t i f y  which 

o f  n se ismometers  have had r e a d i n g . e r r o r s  and by how much, a s  long  a s  no 

more t h a n  a t h i r d  of t h e  se ismometer  r e a d i n g s  a r e  i n  e r r o r .  

I V .  VELA UNIFORM EXPERIENCE 

For s e v e r a l  y e a r s  t h e  VELA Uniform program h a s  made u s e  of t h e  r e f e r -  

e n c e  e v e n t  method f o r  l o c a t i n g  t e l e s e i s m i c  e a r t h q u a k e s  and underground 

e x p l o s i o n s .  I n  a s t u d y  u s i n g  v a r i o u s  networks  from 4 t o  1 3  s t a t i o n s , C h i b u r i s  

1968,compared t h e  a c c u r a c y  of t e l e s e i s m i c  l o c a t i o n s  b o t h  w i t h  a n d  w i t h o u t  

t r a v e l  t i m e  c o r r e c t i o n s  f o r  17 underground e x p l o s i o n s  a t  t h e  Nevada T e s t  

S i t e .  The s t a t i o n s  ranged from 2000 t o  9000 k i l o m e t e r s  from t h e  e p i c e n t e r .  

C h i b u r i s  c o m p a r d b o t h  t h e  t r a v e l  t i m e  r e s i d u a l s ,  which is  t h e  method we have 

d e s c r i b e d  i n  t h e  p r e v i o u s  s e c t i o n ,  and t r a v e l  t i m e  anomal ies ,  which c a l i b r a t e s  

t h e  d i f f e r e n c e  i n  a r r i v a l  t i m e s  between p a i r s  of  se ismometers  u s i n g  r e f e r e n c e  

e v e n t s .  The a c c u r a c i e s  of t h e  t r a v e l  t i m e  anomaly method and t h e  t r a v e l  

t i m e  r e s i d u a l  method a r e  e s s e n t i a l l y  t h e  same. There  a r e  o p e r a t i o n a l  advan- 

tages t o  travel t i m e  anomal ies ,  s i n c e  t h e  method i s  independen t  of  t h e  t i m e  

o r i g i n  o f  e i t h e r  t h e  r e f e r e n c e  e v e n t  o r  unknown e v e n t .  
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F i g u r e  1 shows t h e  l o c a t i o n  e r r o r  i n  k i l o m e t e r s  f o r  17  NTS e x p l o s i o n s  

v e r s u s  t h e  number of r e c o r d i n g  s t a t i o n s  b o t h  w i t h  and w i t h o u t  t r a v e l  t i m e  

c o r r e c t i o n s .  These  r e s u l t s  imply t h a t  t h e  l o c a t i o n  accuracy  i s  independen t  

of t h e  number of s t a t i o n s .  

F i g u r e  2  shows t h e  l o c a t i o n  e r r o r s  f o r  NTS e x p l o s i o n s  v e r s u s  t h e  az imuth  

of t h e  ne twork .  The ne twork  az imuth  i s  measured a s  t h e  w i d e s t  a n g l e  drawn 

from t h e  e p i c e n t e r  t o  a l l  p a i r s  of s t a t i o n s .  L o c a t i o n  a c c u r a c y  improves  a s  

ne twork  az imuth  i n c r e a s e s  b o t h  w i t h  and w i t h o u t  t r a v e l  t i m e  c o r r e c t i o n s .  

S i m i l a r  d a t a  f o r  As ian  e x p l o s i o n s  and e a r t h q u a k e s  i n  F i g u r e  3 show t h e  same 

t r e n d s .  These e x p e r i m e n t s  show t h a t  t h e  r e f e r e n c e  e v e n t  method improves 

l o c a t i o n s  by an o r d e r  of magni tude  ove r  t h e  u n c a l i b r a t e d  l e a s t  s q u a r e s  l o -  

c a t i o n s .  

We c a n  make a n  e s t i m a t e  o f  t h e  u l t i m a t e  a c c u r a c y  a t t a i n a b l e  f o r  r e l a t i v e  

l o c a t i o n s  of t e l e s e i s m i c  e a r t h q u a k e s  from t h e  s p e c t r a l  c o n s i d e r a t i o n s .  F o r  

w i d e - a p e r t u r e  ne tworks  t h e  t i m i n g  a c c u r a c i e s  o f  s i g n a l  a r r i v a l s  a r e  approx- 

i m a t e l y  0 . 1  seconL w i t h  t h e  s i g n a l  s p e c t r a  peaked n e a r  1 . 0  Hz. 

From t h e  t h i n g  e r r o r  and v e l o c i t y  we have  

d t  = 0 . 1  s e c o n d s ,  expec t2d  t i m i n g  i n a c c u r a c y .  

v  = 1 5  kmlsec ,  a p p a r e n t  ( a v e r a g e )  

P-wave v e l o c i t y  a t  e a r t h ' s  s u r f a c e .  

du  = v  d t  = 1 . 5  km, e x p e c t e d  l o c a t i o n  e r r o r .  

Thus t h e  1 - t o  2 -k i lomete r  r e l a t i v e  l o c a t i o n  a c c u r a c y  a c h i e v e d  by t h e  

w i d e - a p e r t u r e  VELA ne tworks  a s  i n d i c a t e d  i n  F i g u r e  3 approaches  t h e  a s y m p t o t i c  

l i m i t  of l o c a t i o n  a c c u r a c y  we can  e x p e c t .  

V.  FIELD METHODS FClR MINE RESCUE -- 
We c o n s i d e r  h e r e  t h r e e  ways i n  which t h e  i n f l u e n c e  of t h e  e a r t h  may b e  

accoun ted  f o r  i n  computing t h e  l o c a t i o n  of t r a p p e d  m i n e r s  s e i s m i c a l l y :  1 )  

t h e  u n i f o r m  v e l o c i t y  approach ;  2)  t h e  r e f r a c t i o n  s u r v e y  approach ;  and 3) 

t h e  r e f e r e n c e  e v e n t  approach .  Each method may b e  a p p l i c a b l e  i n  d i f f e r e n t  

c i r c u m s t a n c e s .  

The f i r s t  approach  i n v o l v e s  l i t t l e  s o p h i s t i c a t i o n  i n  a t t e m p t i n g  t o  

improve  t h e  s e i s m i c  l o c a t i o n  a c c u r a c y .  Upon d e t e c t i n g  s e i s m i c  s i g n a l s  from 

t r a p p e d  m i n e r s ,  t h e  approx ima te  l o c a t i o n  of t h e i r  s o u r c e  i s  computed assuming 

a  un i fo rm,  i s o t r o p i c  e a r t h .  Then i f  t h e  s e i s m i c  a r r a y  does  n o t  s u r r o u n d  t h e  
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m i n e r s '  p o s i t i o n ,  o r  i f  t h e  d imens ions  of  t h e  s e i s m i c  a r r a y  a r e  t o o  l a r g e ,  

t h e  se i smomete r s  may b e  r edep loyed  i n  a  s m a l l e r  a r r a y  s u r r o u n d i n g  t h e  mine r s .  

Subsequent  s i g n a l s  from t h e  mine r s  may t h e n  p r o v i d e  a  more a c c u r a t e  l o c a t i o n  

e s t i m a t e .  However, we would n o t  p l a c e  any c o n f i d e n c e  i n  t h e  s e i s m i c  l o c a -  

t i o n  f o r  p o s i t i o n i n g  a  d r i l l i n g  r i g  f o r  a  l i f e - s u p p o r t  h o l e .  R a t h e r  t h e  

d r i l l i n g  r i g  l o c a t i o n  would b e  b a s e d  o n l y  upon mine maps and companion s u r -  

v e y s  on t h e  s u r f a c e  of t h e  ground.  S e i s m i c  l o c a t i o n s  would i n d i c a t e  approx- 

i m a t e  l o c a t i o n s  of  t r a p p e d  m i n e r s .  I n  t h i s  way s e i s m i c  l o c a t i o n  e r r o r s  a s  

l a r g e  a s  200 f e e t  o r  more may b e  a c c e p t a b l e .  

Advantages  of  t h i s  approach  a r e  t h a t  i t  i s  s i m p l e  and t h a t  i t  r e q u i r e s  

no  p r e c a l i b r a t i o n  of t h e  mine. 

D i s a d v a n t a g e s  o f  t h i s  approach a r e  t h a t  r e s c u e  o p e r a t i o n s  may have  t o  

depend upon a  more a c c u r a t e  s e i s m i c  l o c a t i o n  and t h a t  t h e r e  may n o t  b e  t ime  

n o r  s u b s e q u e n t  s i g n a l s  from t h e  t r a p p e d  mine r s  t o  make redeployment  of  t h e  

se i smomete r s  p r a c t i c a l .  

The second approach  i s  t o  c a l i b r a t e  t h e  geology s u r r o u n d i n g  t h e  mine 

w i t h  a  r e f r a c t i o n  s u r v e y .  Then t h e  un i fo rm i s o t r o p i c  e a r t h  a s sumpt ion  i s  

d i s c a r d e d  f o r s m o r e  r e a l i s t i c  model. Powel l  (1972) i l l u s t r a t e d  t h e  magni- 

t u d e  of  l o c a t i o n  e r r o r s  a r i s i n g  when a  un i fo rm v e l o c i t y  was used  i n s t e a d  

of  t h e  t r u e  s t r u c t u r e  i n  a  few t h r e e - l a y e r  models .  I n  optimum c a s e s  we 

may improve t h e  l o c a t i o n  a c c u r a c y  by an  o r d e r  of magn i tude ,  b u t  p e r h a p s  

somewhat l e s s  i n  p r a c t i c e .  The r e a s o n  i s  t h a t ,  a l t h o u g h  t h e  r e f r a c t i o n  s u r -  

vey  may d e s c r i b e  t h e  f i r s t  o r d e r  v a r i a t i o n s  i n  t h e  s e i s m i c  v e l o c i t i e s  abou t  

t h e  mine ,  i t  may n o t  b e  d e t a i l e d  enough t o  measure  t h e  secondary  f e a t u r e s  

( v e l o c i t y  a n o m a l i e s ,  f a u l t s ,  f r a c t u r e s ,  e t c . )  i n  t h e  v i c i n i t y  of  t h e  s e i s -  

mometers. These  s e c o r d a r y v a r i a t i o n s  i n  geology may c a u s e  t h e  t e s t  a r r a y  of  

se i smomete r s  t o  behave  d i f f e r e n t l y  t h a n  t h e  a r r a y  deployed i n  an  emergency.  

There  a r e  t r a d e - o f f s  t o  b e  c o n s i d e r e d  i n  t h i s  s i t u a t i o n ,  i n  t e rms  of  

t h e  complex i ty  of t h e  v e l o c i t y  model e n v i s a g e d  and t h e  e x t e n t  and a n a l y s i s  

of  t h e  r e f r a c t i o n  s u r v e y  r e q u i r e d .  The s i z e  of  t h e  u n c e r t a i n t i e s  r ema in ing  

i n  c o a l  mining env i ronment s  w i l l  have  t o  b e  r e s o l v e d  by expe r imen t .  I f  t h e  

r e f r a c t i o n  s u r v e y  i s  c a r r l e d  o u t  a t  t h e  mine f o l l o w i n g  a  d i s a s t e r  r a t h e r  

t h a n  i n  a  g r e - z z l i b r z L i c n  e x e r c i s e ,  t h e  impor tance  of  h a v i n g  t r a i n e d ,  exper-  

i e n c e d  p e r s o n n e l  t o  pe r fo rm i t  canno t  b e  u n d e r e s t i m a t e d .  F o r  t h e  i n t e r p r e -  

t a t i o n  of  t h e  d a t a ,  t h e y  w i l l  r e q u i r e  a t  l e a s t  a  g e n e r a l  knowledge of t h e  
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g e o l o g i c a l  s t r u c t u r e  of t h e  r e g i o n .  I n  p r i n c i p l e ,  i t  i s  a l s o  p o s s i b l e  t o  

improve t h e  l o c a t i o n  accuracy by i t e r a t i n g  t h e  v e l o c i t y  model a s  a  r e s u l t  

of a  p r e l i m i n a r y  l o c a t i o n ;  t h e  improvements o b t a i n a b l e  w i t h  t h i s  approach 

remain t o  b e  determined.  

Advantages of approaches  r e l y i n g  on c a l i b r a t e d  geology a r e  t h a t  a  

r e d u c t i o n  of t h e  expec ted  s e i s m i c  l o c a t i o n  e r r o r s  by f a c t o r s  of 2 t o  5 

may p r o v i d e  s u f f i c i e n t  accuracy f o r  p o s i t i o n i n g  a  d r i l l i n g  r i g  i n  t h e  most 

f a v o r a b l e  c i rcumstances  o r  a t  l e a s t  a l low a  miner t o  b e  l o c a t e d  t o  w i t h i n  

a  dimension of a  p i l l a r .  IIowever, s e v e r a l  a c t u a l  o r  p o t e n t i a l  d i s a d v a n t a g e s  

s t i l l  remain. The l o c a t i o n s  may s t i l l  be  i n a c c u r a t e  bu t  t h e  i n a c c u r a c i e s  

unknown. The proper  v e l o c i t y  model may be a p p l i e d  i n a c c u r a t e l y ,  perhaps  

due t o  t h e  l a c k  of t r a i n e d  p e r s o n n e l ,  d u r i n g  an a c t u a l  emergency. F i n a l l y ,  

t h e  emplacement of se ismometers  d u r i n g  t h e  r e f r a c t i o n  survey  may be  s u f f i c i e n t l y  

d i f f e r e n t  from t h o s e  used d u r i n g  t h e  l o c a t i o n  p rocedure ,  t h a t  t h e  v e l o c i t y  

model may n o t  app ly  w e l l  enough t o  t h e  l o c a t i o n  a r r a y .  

The t h i r d  approach i s  t h e  r e f e r e n c e  e v e n t  method which r e q u i r e s  a  

s e i s m i c  a r r a y  permanently i n s t a l l e d  ( o r  seismometer p o s i t i o n s  chosen i n  

advance of d i s a s t e r s )  and p r e - d i ~ a s t e r  c a l i b r a t i o n  of t h e  mine w i t h  s e i s m i c  

s i g n a l s  from d i f f e r e n t  p a r t s  of t h e  mine. 

Advantages of t h i s  approach i n c l u d e  improved l o c a t i o n  accuracy by a t  

l e a s t  an o r d e r  of magnitude over  uniform v e l o c i t y  models,  e l i m i n a t i o n  of 

t h e  need of r e f r a c t i o n  s u r v e y s ,  and no fancy d a t a  p r o c e s s i n g  t e c h n i q u e s .  

Disadvantages  of t h e  method i n c l u d e  t h e  need f o r  p r e c a l i b r a t i o n  of 

t h e  mine, permanently i n s t a l l e d  se ismometers  ( o r  permanently a s s i g n e d  s e i s -  

mometer l o c a t i o n s ) ,  and perhaps  more c a l i b r a t i o n  s i g n a l s  than  we might 

wish ,  e s p e c i a l l y  a s  t h e  mine dimensions  i n c r e a s e .  

The d e n s i t y  of c a l i b r a t i o n  s i g n a l s  r e q u i r e d ,  t h e  number and placement 

of se ismometers ,  and t h e  c o s t s  of t h e  method a r e  q u e s t i o n s  t o  be r e s o l v e d  

by exper iment .  

S e v e r a l  d e s i g n s  of t h e  s e i s m i c  l o c a t i o n  system u t i l i z i n g  t h e  r e f e r e n c e  

e v e n t  approzch a r e  p o s s i b l e .  One is  t o  i n s t a l l  se ismometers ,  c a b l e s  and 

r e c o r d i n g  i n s t r u m e n t s  permanently around t h e  mine. F i r e  d r i l l s  ( t e s t  s e i s -  

mic s i g n a l s )  a r e  t aken  p e r i o d i c a l l y  from d i f f e r e n t  p a r t s  of t h e  mine a s  
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t h e  mine d i m e n s i o n s  expand .  These  r e c o r d i n g s ,  c l e a r l y  l a b e l e d  a s  t o  s o u r c e  

l o c a t i o n ,  c a n  b e  r e p r o d u c e d  on  c l e a r  p l a s t i c  o v e r l a y s  f o r  e a s y  compar i son  

w i t h  s i g n a l s  r e c o r d e d  d u r i n g  an  emergencv.  I n  t h i s  way good s e i s m o m e t e r  

l o c a t i o n s  would b e  a s s u r e d  ( b u r i e d  f o r  improved s i g n a l - t o - n o i s e  r a t i o )  and 

t h e  eq-uipment  would d e m o n s t r a t e  i t s  r e l i a b i l i t y  a s  c a l i b r a t i o n  ( r e f e r e n c e )  

e v e n t s  we re  r e c o r d e d  a b o u t  t h e  mine.  S i g n a l s  c o u l d  b e  r e a d  and  a p p r o x i -  

ma te  l o c a t - i o n s  d e t e r m i n e d  by a n a l y s t s  w i t h o u t  t h e  n e e d  f o r  a  compu te r .  With 

o r  w i t h o u t  a compu te r ,  mine  p e r s o n n e l  c o u l d  a c q u i r e  t r a i n i n 9  i n  o p e r a t i n &  

t h e  s y s t e m  as c a l i b r a t i o n  d a t a  w e r e  c o l l e c t e d .  

A s e c o n d  d e s i g n  would b e  t o  l o c a t e  t e s t  s e i s m i c  s o u r c e s  ( s m a l l  exp lo -  

s i v e s  o r  w e i g h t  d r o p s )  t h r o u g h o u t  t h e  mine which  c a n  b e  t r i g g e r e d  f rom t h e  

s u r f a c e .  IJhen a  s e i s m o m e t e r  a r r a y  h a s  b e e n  d e p l o y e d  d u r i n g  a n  emergency ,  

and  an  a p p r o x i m a t e  l o c a t i o n  o f  t r a p p e d  m i n e r s  d e t e r m i n e d  f rom t h e i r  s i g n a l s  

a s suming  a  u n i f o r m  v e l o c i t y  model ,  t h e n  t e s t  s e i s m i c  s o u r c e s  would b e  se t  

o f f  i n  t h a t  s e c t i o n  of  t h e  mine .  The s i g n a l s  f rom t h e  m i n e r s  and  t h o s e  

f rom s e v e r a l  t e s t  s o u r c e s  would b e  compared.  Then t h e  r e l a t i v e  l o c a t i o n  of  

t h e  t r a p p e d  m i n e r s  would b e  d e t e r m i n e d  f rom t h e  t e s t  s i g n a l s  which  mos t  

c l o s e l y  ma tched  t h o s e  g e n e r a t e d  by  t h e  m i n e r s .  

The c h a r a c t e r i s t i c s  of  t h e  t h r e e  t y p e s  o f  s y s t e m s ,  u t i l i z i n g  t h e  u n i f o r m  

v e l o c i t v ,  t h e  r e f r a c t i o n  s u r v e y ,  and  t h e  r e f e r e n c e  e v e n t  me thods ,  a r e  sum- 

m a r i z e d  i n  T a b l e  1. 

V I .  FIELD EXPETIbENT - 
The r e f e r e n c e  e v e n t  method s h o u l d  b e  t e s t e d  bv a  c o n t r o l l e d  e x p e r i m e n t  

a t  a  mine .  The Wes t inghouse  d a t a  t a k e n  t o  d a t e  do  n o t  p r o v i d e  d a t a  f rom a  

m u l t i t u d e  o f  c l o s e  t o  w i d e l y  s p a c e d  s o u r c e s  r e c e i v e d  by a  f i x e d  s e i s m o m e t e r  

a r r a v .  The o b j e c t i v e s  of  s u c h  a n  e x p e r i m e n t  w i l l  b e  ( 1 )  t o  d e m o n s t r a t e  w h e t h e r  

t h e  r e l a t i v e  e v e n t  me thod ,  wh ich  h a s  b e e n  s o  s u c c e s s f u l  f o r  l o c a t i n g  t e l e -  

s e i s m i c  e a r t h q u a k e s ,  c a n  a l s o  b e  a p p l i e d  t o  s e i s m i c  s o u r c e s  i n  m i n e s ,  and  

( 2 )  t o  d e t e r m i n e  t h e  c a l i b r a t i o n  r a n g e  of  a p p l i c a b i l i t y  o f  t h e  r e f e r e n c e  e v e n t s .  

The f i e l d  e x p e r i m e n t  s h o u l d  c o m p r i s e  f rom 1 0  t o  1 5  w e l l - p l a c e d  se i smo-  

m e t e r s .  T h e s e  s e n s o r s  s h o u l d  b e  b u r i e d  be low t h e  w e a t h e r i n g  l a y e r  i n  d r i l l  

h o l e s  i f  n e c e s s a r y .  Every  e f f o r t  s h o u l d  b e  made t o  a t t a i n  good s i g n a l  s e n s i -  

t i v i t y  on s i n g l e  s e n s o r s  s o  a r r a y  summat ions  a r e  n o t  n e c e s s a r y .  D i f f e r e n t  

Arthur D Little Inc 



TABLE 1 

SEISMIC LOCATION METHODS 

1. Uniform V e l o c i t y  Method 

F e a t u r e s  : 

Advantages :  

I n s t a l l a t i o n  - a f t e r  d i s g s t e r  i s  r e p o r t e d  
P r e c a l i b r a t  i o n  - none 
L o c a t i o n  Accuracy - s e v e r a l  hundred  f e e t  
D r i l l  L o c a t i o n s  By - mine maps f o r  p r e c i s e  p l a c e m e n t ,  

s e i s m i c  l o c a t i o n s  i n d i c a t e  
s e c t i o n  of mine. 

S imple  
No p r e c a l i b r a t i o n  
No c a p i t a l  o u t l a y  p r i o r  t o  d i s a s t e r  
Minimum t r a i n i n g  of  mine p e r s o n n e l  r e q u i r e d  

D i s a d v a n t a g e s :  S e i s m i c  l o c a t i o n s  can  i n d i c a t e  o n l y  g e n e r a l  a r e a  of mine r  
Deployment of  e x t r a  se ismonle ters  a f t e r  f i r s t  s i g n a l s  

d e t e c t e d  may b e  d e s i r a b l e  

2 .  R e f r a c t i o n  Survey Nethod 

F e a t u r e s  : I n s t a l l a t i o n  - a f t e r  d i s a s t e r  i s  r e p o r t e d  
C a l i b r a t i o n  - r e f r a c t i o n  s u r v e y  t o  model 

v e l o c i t y  s t r u c t u r e  around mine 
L o c a t i o n  Accuracy - w i l l  v a r y  on complex i ty  of  

geo logy  and tho roughness  o f  
r e f r a c t i o n  s u r v e y ;  p r o b a b l y  t o  
w i t h i n  100 f e e t  

D r i l l  L o c a t i o n  By - mine maps f o r  p r e c i s e  p l a c e m e n t ,  
s e i s m i c  l o c a t i o n s  narrow s e a r c h .  

Advantages :  More a c c u r a t e  l o c a t i o n s  t h a n  un i fo rm v e l o c i t y  model 

D i s a d v a n t a g e s :  L o c a t i o n  a c c u r a c y  may b e  unknown 
V e l o c i t y  model  may b e  i n c o r r e c t l y  a p p l i e d  i n  an  emergency 
C a l i b r a t i o n  r e q u i r e d  

3. R e f e r e n c e  Event  Method 

F e a t u r e s  : I n s t a l l a t i o n  - p r e d i s a s t e r ;  permanent  
P r e c a l i b r a t i o n  - tests made t h r o u g h o u t  mine a s  

mine d imens ions  expand 
L o c a t i o n  ,4ccuracy - 1 0  t o  50 f e e t  w i t h  h i g h  c o n f i d e n c e  
D r i l l  L o c a t i o n s  By - mine maps and s e i s m i c  l o c a t i o n s  

j o i n t l y  
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TABLE 1 - Cont inued 

Advantages : 

3. R e f e r e n c e  Event  Method - Cont inued 

Accura te  l o c a t i o n s  
No r e f r a c t i o n  s u r v e v s  r e q u i r e d  
Data  p r o c e s s i n g  r e q u i r e d  f a i r l y  s i m p l e  
System i n  p l a c e  when emergency a r i s e s  
Mine p e r s o n n e l  f a m i l i a r  w i t h  s y s t e m  from mine 
C a l i b r a t i o n  t e s t s  

D i sadvan tages  : P r e d i s a s t e r  mine i n s t a l l a t i o n ,  t e s t s ,  and c o s t s  
Necessa ry  sys t em t e s t s  r e q u i r e d  a s  mine d imensions  expand 
Some mine p e r s o n n e l  must b e  t r a i n e d  on sys t em 
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t y p e s  of s o u r c e s  shou ld  be  used ( e . g . ,  t imber  on mine f l o o r ,  s l e d g e  on roof 

b o l t s )  a t  each s o u r c e  l o c a t i o n  s o  t h e  method can be  demonstra ted w i t h  r e f -  

e r e n c e  and unknown e v e n t s  of t h e  same and d i f f e r e n t  types .  Minimum s o u r c e  

d i sp lacements  mav b e  on t h e  o r d e r  of 25 t o  50 f e e t .  Maximum s o u r c e  d i s -  

p lacements  shou ld  b e  1000 f e e t  o r  more i f  p o s s i b l e .  D i f f e r e n t  s e c t i o n s  of 

t h e  mine should b e  t e s t e d  i n c l u d i n g  ones f o r  which t h e  seismometer a r r a y  
0 

su r rounds  t h e  even t  l o c a t i o n  (360 a p e r t u r e )  and ones f o r  s m a l l e r  a p e r t u r e s .  

One v a l u e  of having a  s u f f i c i e n t  number of se ismometers  is  t h a t  p a r t i a l  

a r r a y s  ( b u t  morethan 3  o r  4  s e n s o r s )  w i t h  v a r y i n g  a p e r t u r e s  can b e  compared 

w i t h  t h e  f u l l  a r r a y .  

Cos t s  of runn ing  s e i s m i c  e x p l o r a t i o n  crews w i t h i n  t h e  Uni ted S t a t e s  

average  between $30,000 and $50,000 p e r  month i n c l u d i n g  c o s t s  f o r  dynamite 

and d r i l l i n g  s h o t  h o l e s .  Although we propose t o  u s e  10  t o  15 s e n s o r s  a l l  

i n  b o r e  h o l s , t h e  h o l e s  w i l l  n o t  b e  deep (average  dep th  50 f e e t )  s o  d r i l l i r , g  

c o s t s  f o r  t h e  mine t e s t s  shou ld  n o t  exceed t h o s e  of a  normal e x p l o r a t i o n  

crew. The c a b l e s ,  s e n s o r s ,  and i n s t r u m e n t s  r e q u i r e d  would be  a v a i l a b l e  

o r  e a s i l y  o b t a i n a b l e  by an e x p l o r a t i o n  crew. Hence, a  geophys ica l  s e r v i c e  

company shou ld  b e  a b l e  t o  conduct a  f i e l d  t e s t  of t h e  r e l a t i v e  even t  method 

f o r  $1,000 t o  $2,000 p e r  day and complete  i t  w i t h i n  two t o  f o u r  weeks. 

A s  a  r e s u l t  of t h i s  exper iment  we should be  a b l e  t o  i n d i c a t e :  

1 )  whether  t h e  r e f e r e n c e  even t  method works i n  mines ,  

2 )  over  what range  a  r e f e r e n c e  even t  i s  a p p l i c a b l e ,  

3) t h e  s o u r c e  l o c a t i o n  accuracy of t h e  method, 

4) t h e  number of r e f e r e n c e  e v e n t s  needed p e r  mine, 

5)  t h e  minimum number and placement of s e n s o r s  r e q u i r e d  i n  

a  workable  f i e l d  sys tem,  

6) t h e  a n a l y s i s  p rocedures  t o  be  fo l lowed ,  and 

7 )  an e s t i m a t e  of t h e  c a p i t a l  and o p e r a t i o n a l  (emergency, 

c a l i b r a t i o n ,  and t e s t i n g )  c o s t s  i n  a  p r a c t i c a l  f i e l d  system. 

V I I .  CONCLUSIONS 

1. We have cons idered  two a l t e r n a t i v e  s e i s m i c  approaches  t o  improve 

t h e  accuracy of s e i s m i c  l o c a t i o n s  f o r  miners  t r apped  underground o v e r  methods 

which assume a  uniform P-wave v e l o c i t y  i n  t h e  e a r t h .  The f i r s t  approach u s e s  

s e i s m i c  measurements, such a s  a  r e f r a c t i o n  s u r v e y ,  t o  c a l i b r a t e  t h e  v e l o c i t y  
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s t r u c t u r e  about  t h e  mine. The second approach  c a l i b r a t e s  t h e  source - to -  

se i smomete r  t r a e l p a t h s  w i t h  r e f e r e n c e  e v e n t s  a t  known l o c a t i o n s  i n  t h e  

mine.  

2. The method y i e l d i n g  t h e  most a c c u r a t e  s e i s m i c  l o c a t i o n s  i s  t h e  

r e f e r e n c e  e v e n t  method. When t h e  d i s p l a c e m e n t  between t h e  unknown and 

r e f e r e n c e  e v e n t s  i s  s m a l l ,  t h e  l o c a t i o n  a c c u r a c y  w i l l  b e  l i m i t e d  o n l y  by 

t h e  t i m i n g  a c c u r a c v  of  t h e  s i g n a l s .  

3 .  The r e f e r e n c e  e v e n t  method p r o v i d e s  a b s o l u t e  r a t h e r  t h a n  mere ly  

r e l a t i v e  l o c a t i m  a c c u r a c y  s i n c e  c a l i b r a t i o n s  a r e  t i e d  t o  su rveyed  (non- 

s e i s m i c )  l o c a t i o n s .  Methods based  upon p u r e l y  s e i s m i c  measurements may 

p r o v i d e  a c c u r a t e  r e l a t i v e  l o c a t i o n s  ( s m a l l  l e a s t  s q u a r e s  e r r o r )  b u t  s t i l l  

c o n t a i n  a b s o l u t e  b i a s e s  ( l a t e r a l  s h i f t s  between t r u e  and c a l c u l a t e d  l o c a -  

t i o n s ) .  

4 .  The r e f e r e n c e  e v e n t  method h a s  t h e  d i s a d v a n t a g e s  of r e q u i r i n g  

c a l i b r a t i o n  e v e n t s ,  pe rmanen t ly  i n s t a l l e d  se i smomete r s  o r  p r e l o c a t e d  c a l i -  

b r a t i o n  s o u r c e s  t r i g g e r e d  from above ground,  and s e v e r a l  r e f e r e n c e  e v e n t s  

p e r  mine f o r  comple te  c a l i b r a t i o n .  

5 .  A f i e l d  i n s t a l l a t i o n  u t i l i z i n g  t h e  method h a s  s e v e r a l  o p e r a t i o n a l  

a d v a n t a g e s .  A s  w e l l  a s  a c c u r a c y ,  t h e s e  i n c l u d e  r e a d i n e s s  i n  t h e  e v e n t  of 

a  d i s a s t e r ,  f i r e - d r i l l  t e s t i n g  of  t h e  sys t em bv c a l i b r a t i o n  e v e n t s ,  

f a m i l i a r i t y  w i t h  t h e  s v s t e m  on t h e  p a r t  of mine p e r s o n n e l ,  and no complex 

computers  o r  a n a l y s i s  r e q u i r e d .  

6. We recommend f i e l d  t e s t s  t o  v e r i f y  t h e  method. Key q u e s t i o n s  t o  

b e  answered i n c l u d e  t h e  r a n g e  of e f f e c t i v e n e s s  of each  r e f e r e n c e  e v e n t  

and t h e  number of  r e f e r e n c e  e v e n t s  r e q u i r e d  t o  comple te ly  c a l i b r a t e  a  mine. 

7 .  A f i e l d  t e s t  c o u l d  b e  conducted  a t  a mine o v e r  a  p e r i o d  of two t o  

f o u r  weeks f o r  c o s t s  n o t  exceed ing  t h o s e  i n c u r r e d  by West inghouse  i n  p r e v i -  

o u s  s e i s m i c  e x p e r i m e n t s  a t  a  mine.  T o t a l  c o s t s  s h o u l d  be  i n  t h e  $25,000 

t o  $50,000 range ,  o r  l e s s .  
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